Introduction
============

Ovarian cancer (OC) is the leading cause of mortality associated with gynecologic malignancies, with an estimated 52,100 new cases diagnosed and \>22,500 mortalities in 2015 in China ([@b1-mmr-19-05-3376]). Chemotherapy, such as cisplatin and paclitaxel treatment strategies, is the main therapeutic approach for advanced OC with an International Federation of Gynecology and Obstetrics stage III or IV ([@b2-mmr-19-05-3376]). However, drug resistance significantly limits the long-term effectiveness for cancer patients and thus leads to a poor 5-year survival rate of \~30% ([@b3-mmr-19-05-3376]). Therefore, understanding the mechanisms contributing to chemotherapy resistance and investigating effective targets to improve resistance remain important challenges that need to be resolved.

MicroRNAs (miRNAs) are small non-coding RNAs with a length of approximately 19--22 nucleotides, which inhibit target mRNA degradation and/or translation by binding to its complementary sequences in the 3′-untranslated region ([@b4-mmr-19-05-3376]). Accumulating evidence has suggested that miRNAs are involved in OC chemoresistance. For instance, Li *et al* ([@b5-mmr-19-05-3376]) reported that miR-130a was upregulated in the cisplatin-resistant human OC cell line A2780/DDP; thus, the use of miR-130a inhibitors may re-sensitize A2780/DDP cells by inhibiting the expression of multidrug resistance 1 (MDR1) gene. In addition, Zou *et al* ([@b6-mmr-19-05-3376]) demonstrated a lower expression of miR-429 in SKOV3/DDP cells as compared with that in parental SKOV3 cells, and this downregulated expression of miR-429 was associated with reduced overall survival (OS) and progression-free survival ([@b6-mmr-19-05-3376]). A further study indicated that the zinc finger E-box binding homeobox 1 (ZEB1) may be a direct target of miR-429, and suggested that overexpression of miR-429 may increase the cisplatin sensitivity of OC by suppressing ZEB1 expression ([@b6-mmr-19-05-3376]). Furthermore, Zhu *et al* ([@b7-mmr-19-05-3376]) compared the expression patterns of miRNA genes in paclitaxel-sensitive (SKOV3) and paclitaxel-resistant (SKOV3-TR30) cell lines, and reported that the miR-134 gene cluster was significantly downregulated in SKOV3-TR30 in comparison with SKOV3 cells, while the expression of the miR-17-92 gene cluster was significantly higher in SKOV3-TR30 cells ([@b7-mmr-19-05-3376]). The study by Kim *et al* ([@b8-mmr-19-05-3376]) demonstrated that treatment with pre-miR-150 significantly induced apoptosis in paclitaxel-resistant SKpac cells, and inhibited cancer cell migration and angiogenesis. The underlying target may be Notch3 downstream proteins (such as NICD3 and HEY2), cell cycle-associated proteins (such as cyclinD3, pS6 and NF-κB) and apoptosis-associated proteins (BCL-2 and BCL-W), which were all significantly downregulated following pre-miR-150 transfection ([@b8-mmr-19-05-3376]). Therefore, targeting specific miRNAs may be a potential approach to improve the chemotherapy sensitivity.

In addition to their intracellular presence, miRNAs can also be enclosed in exosomes and secreted extracellularly to function as mediators of intercellular communication and transfer phenotypic traits of drug-resistant cells into surrounding sensitive cells, facilitating chemotherapy resistance ([@b8-mmr-19-05-3376]). A previous study by Yu *et al* ([@b9-mmr-19-05-3376]) reported that the drug-sensitive variant of the MCF-7 breast cancer cell line (namely, MCF-7/S) acquired drug resistance following co-culture with exosomes from the Adriamycin-resistant variant (MCF-7/Adr). The mechanism involved the delivery of miR-222 into MCF-7/S cells by exosomes, and the Adriamycin resistance of MCF-7/S cells was reportedly lost when miR-222 inhibitors were used ([@b9-mmr-19-05-3376]). Qin *et al* ([@b10-mmr-19-05-3376]) also demonstrated that exosomes of cisplatin-resistant human non-small cell lung cancer cells (A549/DDP) can confer drug resistance to A549 cells, which was exerted in an exosomal miR-100-5p-dependent manner. Furthermore, Wei *et al* ([@b11-mmr-19-05-3376]) observed that tamoxifen-resistant MCF-7 exosomes entered into tamoxifen-sensitive MCF-7 cells and then released miR-221/222, reducing the expression of target genes P27 and estrogen receptor α, and promoting tamoxifen resistance in the recipient cells. Therefore, targeting miRNAs in cancer cells and their exosomes may represent more effective strategies for OC remission.

Although previous studies by the group of Kanlikilicer *et al* and Rashed *et al* ([@b12-mmr-19-05-3376],[@b13-mmr-19-05-3376]) investigated the exosomal miRNAs profiles in three chemosensitive human epithelial OC cell lines and their corresponding chemoresistant cell lines, the analyses reported in these studies did not explore the difference between miRNAs in exosomes and original cells. Thus, to the best of our knowledge, the exosomal miRNAs involved in the chemotherapy resistance of OC have not been reported to date. The aim of the present study was to screen miRNAs associated with chemotherapy resistance in OC cells using the microarray data of Kanlikilicer *et al* ([@b12-mmr-19-05-3376]) and Rashed *et al* ([@b13-mmr-19-05-3376]), which may provide underlying targets for improving the chemotherapy sensitivity in clinical practice.

Materials and methods
=====================

### Microarray data

An OC chemotherapy-associated miRNA microarray dataset was collected from the Gene Expression Omnibus (GEO) database (<http://www.ncbi.nlm.nih.gov/geo/>) under accession number GSE76449 ([@b12-mmr-19-05-3376]). This dataset contained original cells, and their derived exosomal samples of 3 chemosensitive human epithelial OC cell lines (including SKOV3_ip1, A2780_PAR and HEYA8) and 3 corresponding chemoresistant cell lines \[including SKOV3_TR (Taxol-resistant); A2780_CP20 (cisplatin-resistant) and HEYA8_MDR (multiple drug-resistant)\]. Each sample had two biological repeats and, thus, a total of 24 samples were included for analysis. The SKOV3_TR and HEYA8_MDR cell lines were obtained by respectively adding 150 and 300 ng/ml paclitaxel in RPMI 1640 medium to induce chemotherapy resistance. The A2780_CP20 cell line was developed by sequential exposure of the A2780 cell line to increasing concentrations of cisplatin ([@b13-mmr-19-05-3376]).

### Data normalization and identification of differentially expressed miRNAs (DE-miRNAs)

The raw data (CEL files) downloaded from the GPL19117 Affymetrix Multispecies miRNA-4 Array platform were preprocessed (including background correction log~2~ transformation and quantile normalization) with the Robust Multiarray Average function available in the Bioconductor package (<http://www.bioconductor.org/packages/release/bioc/html/limma.html>).

DE-miRNAs between chemosensitive and chemoresistant cells were identified using the limma method (also known as Linear Models for Microarray data) ([@b14-mmr-19-05-3376]) in the Bioconductor R package (version 3.4.1; <http://www.r-project.org/>). Student\'s t-test was used to calculate the P-value. miRNAs were identified as differentially expressed if they exhibited a P-value of \<0.05 and \|log of fold change (logFC)\| of \>1. A Venn diagram was constructed to illustrate the overlap between different cell types, and between exosomes and their cells of origin using the web-based tool (<http://bioinformatics.psb.ugent.be/webtools/Venn/>).

### Target gene prediction

In order to identify the underlying target genes of DE-miRNAs, the miRWalk2.0 database ([zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/](zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/)) ([@b15-mmr-19-05-3376]). This database contained a total of 12 bioinformatic algorithms, including DIANA-microT (version 4.0), DIANA-microT-CDS (version 5.0), miRanda-rel (version 1.0), mirBridge (version 1.0), miRDB (version 4.0), miRmap (version 1.0), miRNAMap (version 1.0), PicTar (version 2.0), PITA (version 6.0), RNA22 (version 2.0), RNAhybrid (version 2.1) and Targetscan (version 6.2). Subsequently, the miRNA-target gene interaction network was established and visualized using the Cytoscape software (version 2.8; [www.cytoscape.org](www.cytoscape.org)) ([@b16-mmr-19-05-3376]). Furthermore, LinkedOmics database ([www.linkedomics.org](www.linkedomics.org)) was also used to investigate the negative association between miRNAs and mRNAs in OC samples with Pearson\'s correlation analysis ([@b17-mmr-19-05-3376]), with P\<0.01 set as the threshold value.

### Function enrichment analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID) online tool (version 6.8; <http://david.abcc.ncifcrf.gov>) ([@b18-mmr-19-05-3376]) was used for Gene Ontology (GO) term and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of all target genes of DE-miRNAs. A P-value of \<0.05 was set as the cut-off value.

### Validation of the correlation between crucial miRNAs and survival

The miRNA Seq data of OC (Level 3) was obtained from The Cancer Genome Atlas (TCGA; <http://tcga-data.nci.nih.gov/>) to confirm the potential correlation between crucial miRNAs and survival \[OS and disease-free survival (DFS)\]. The expression levels of crucial miRNAs in OC were analyzed using the FPKM values (referring to the fragments per kilobase per million of mapped reads) from the TCGA data. To identify miRNAs correlated with survival, samples were divided into the low and high expression groups, corresponding to miRNAs with expression levels smaller or greater than the median, respectively. The Kaplan-Meier method with the log-rank test was applied using the GraphPad Prism software (version 5; GraphPad Software Inc., San Diego, CA, USA) to assess the differences in DFS and OS between the high and low expression groups. P\<0.05 was considered to denote differences that were statistically significant.

Results
=======

### Identification of DE-miRNAs between chemosensitive and chemoresistant cells

For the exosomal samples, 200 DE-miRNAs were identified between the A2780_CP20 and A2780_PAR cell lines, according to the threshold of P\<0.05 and \|logFC\|\>1, including 130 upregulated and 70 downregulated miRNAs. In addition, 210 DE-miRNAs were identified between HEYA8_MDR and HEYA8 cell lines, including 105 upregulated and 105 downregulated miRNAs. A total of 364 DE-miRNAs were identified between the SKOV3_TR and SKOV3_ip1 cell lines, including 147 upregulated and 217 downregulated miRNAs.

For the original cell samples, a total of 269 DE-miRNAs were identified between the A2780_CP20 and A2780_PAR cell lines, including 184 upregulated and 85 downregulated miRNAs. In total, 208 DE-miRNAs were identified between HEYA8_MDR and HEYA8, including 88 upregulated and 120 downregulated miRNAs, while 275 DE-miRNAs were identified between SKOV3_TR and SKOV3_ip1 cell lines, including 150 upregulated and 125 downregulated miRNA.

The Venn diagram analysis ([Fig. 1](#f1-mmr-19-05-3376){ref-type="fig"}) identified 28 DE-miRNAs that were common in exosomal and original samples between the A2780_CP20 and A2780_PAR cell lines. A total of 16 shared miRNAs were obtained for exosomal and original samples between the HEYA8_MDR and HEYA8 cell lines, while 35 common miRNAs were screened for exosomal and original samples between SKOV3_TR and SKOV3_ip1 ([Table I](#tI-mmr-19-05-3376){ref-type="table"}). hsa-miR-183-5p was considered to be particularly important for chemoresistance in an exosomal and non-exosomal manner, since it was the only common miRNA among the three cell lines. However, its expression was upregulated in A2780_CP20 and SKOV3_TR, whereas it was downregulated in HEYA8_MDR cells.

### Target genes for DE-miRNAs between chemosensitive and chemoresistant cells

Using the miRWalk2.0 database, a total of 1,056 target genes of 5 common DE-miRNAs in exosomal and original samples between A2780_CP20 and A2780_PAR cell lines were obtained, including miR-146b-5p, miR-509-5p, miR-574-3p, miR-574-5p and miR-760, which were all upregulated ([Fig. 2](#f2-mmr-19-05-3376){ref-type="fig"}). Between HEYA8_MDR and HEYA8 cell lines, a total of 837 target genes of 4 common DE-miRNAs were screened in exosomal and original samples, including the upregulated miR-30a-3p and miR-30a-5p, the downregulated miR-612, as well as miR-617 that was downregulated in exosomal samples, but upregulated in cells ([Fig. 3](#f3-mmr-19-05-3376){ref-type="fig"}). Between SKOV3_TR and SKOV3_ip1, a total of 773 target genes of 4 common DE-miRNAs were identified in exosomal and original samples, including the upregulated miR-193a-5p, miR-423-3p and miR-769-5p, as well as miR-922 that was upregulated in exosomal samples and downregulated in cells ([Fig. 4](#f4-mmr-19-05-3376){ref-type="fig"}). Among all these target genes, 18 were found to be common for DE-miRNAs in all three cell lines, including calponin 1 (CNN1), tetratricopeptide repeat, ankyrin repeat and coiled-coil containing 2 (TANC2), F-box and leucine rich repeat protein 20 (FBXL20), glutamate metabotropic receptor 1 (GRM1), ADAM metallopeptidase with thrombospondin type 1 motif 6 (ADAMTS6), cAMP responsive element modulator (CREM), lactalbumin alpha (LALBA), inositol-pentakisphosphate 2-kinase (IPPK), pleckstrin homology and RhoGEF domain containing G4B (PLEKHG4B), shroom family member 4 (SHROOM4), OTU deubiquitinase, ubiquitin aldehyde binding 1 (OTUB1), four and a half LIM domains 3 (FHL3), methyl-CpG binding protein 2 (MECP2), lysine methyltransferase 2A (MLL), TEA domain transcription factor 3 (TEAD3), neurotrophic receptor tyrosine kinase 3 (NTRK3), cullin 2 (CUL2) and HemK methyltransferase family member 1 (HEMK1). No target genes were obtained for hsa-miR-183-5p; thus, LinkedOmics database was subsequently used to screen the genes that were negatively associated with miR-183-5p in order to indirectly predict the role of hsa-miR-183-5p. According to the criterion of P\<0.01, 955 target genes were obtained. Among them, MECP2 was common with the target genes of the aforementioned miRNAs identified by miRWalk2.0 database ([Fig. 5](#f5-mmr-19-05-3376){ref-type="fig"}), which showed the negative expression relationship between hsa-miR-183-5p and MECP2 in OC samples.

### Functional enrichment analysis of common DE-miRNAs in exosomes and their original cells

All target genes of shared DE-miRNAs in exosomes and their original cells were subjected to functional enrichment analysis using DAVID tool. The results identified that 14 KEGG pathways were enriched for A2780_CP20, including glutamatergic synapse (miR-509-5p-GRM1), the hypoxia-inducible factor 1 (HIF-1) signaling pathway (miR-574-3p-CUL2), adrenergic signaling in cardiomyocytes (miR-574-5p-CREM) and the calcium signaling pathway (miR-509-5p-GRM1). In total, 28 KEGG pathways were enriched for HEYA8_MDR, including the neurotrophin signaling pathway (miR-617-NTRK3), pathways in cancer (miR-30a-5p-CUL2), long-term potentiation (miR-617-GRM1), adrenergic signaling in cardiomyocytes (miR-617-CREM) and the Hippo signaling pathway (miR-612-TEAD3). Similarly, 21 KEGG pathways were enriched for SKOV3_TR, including the neurotrophin signaling pathway (miR-922-NTRK3) and the HIF-1 signaling pathway (miR-922-CUL2) ([Table II](#tII-mmr-19-05-3376){ref-type="table"}). Based on these results, CUL2 was the commonly enriched target gene in three cell lines.

Furthermore, GO terms were also enriched for the target genes of shared DE-miRNAs in exosomes and their original cells. The results shown in [Table III](#tIII-mmr-19-05-3376){ref-type="table"} indicated that shared DE-miRNAs may be involved in A2780_CP20 cell chemotherapy resistance by participating in the activation of MAPK activity (miR-509-5p-GRM1), negative regulation of cell proliferation (miR-574-3p-CUL2), G1/S phase transition of the mitotic cell cycle (miR-574-3p-CUL2), response to hypoxia (miR-760-MECP2), and transcription, DNA-templated (miR-574-5p-TEAD3). The analysis also indicated that common DE-miRNAs may be involved in HEYA8_MDR cell chemotherapy resistance by participating in the positive regulation of the apoptotic process (miR-617-NTRK3), negative regulation of cell proliferation (miR-30a-5p-CUL2), negative regulation of transcription, DNA-templated (miR-30a-5p-MECP2), response to hypoxia (miR-30a-5p-MECP2) and positive regulation of transcription from RNA polymerase II promoter (miR-612-TEAD3). Finally, it was observed that common DE-miRNAs may be involved in SKOV3_TR cell resistance by participating in the positive regulation of cell proliferation (miR-922-NTRK3 and miR-922-MECP2) and cell cycle arrest (miR-922-CUL2). According to these results, MECP2 and CUL2 were the commonly enriched target genes in the three cell lines. Since MECP2 is one of the target genes of hsa-miR-183-5p, it may be involved in chemoresistance by regulating the proliferation process.

### TCGA validation

To validate the clinical importance of the identified miRNAs, the miRNA expression and survival data associated with OC were also extracted from the TCGA database. Kaplan-Meier analysis indicated that only the expression of miR-612 was significantly associated the DFS, with high expression of this miRNAs predicting poor patient prognosis ([Fig. 6](#f6-mmr-19-05-3376){ref-type="fig"}). No other miRNAs were observed to be associated with DFS or OS (data not shown).

Discussion
==========

In the present study, common DE-miRNAs between resistant OC cells and exosomes were screened for the first time in A2780_CP20 (including miR-146b-5p, miR-509-5p, miR-574-3p, miR-574-5p and miR-760), HEYA8_MDR (including miR-30a-3p, miR-30a-5p, miR-612 and miR-617) and SKOV3_TR (including miR-193a-5p, miR-423-3p, miR-769-5p and miR-922). Furthermore, miR-574-3p, miR-30a-5p and miR-922 were suggested to participate in the drug resistance in OC by regulating the expression of CUL2 to mediate the HIF-1 cancer signaling pathway, cell proliferation and cell cycle arrest. Similar to miR-760, miR-30a-5p and miR-922, the shared hsa-miR-183-5p in the three cell lines may also be involved in drug-resistance by modulating MECP2 and then influence the biological processes of response to hypoxia and cell proliferation. In addition, miR-612 was revealed to regulate TEAD3, serving important roles in multiple drug resistance via Hippo signaling pathway-mediated cell proliferation, and was significantly associated with prognosis. Accordingly, these cell proliferation-associated miRNAs may represent important targets for improving the chemotherapy sensitivity of OC.

HIF-1α is a transcription factor that mediates the expression of hypoxia-sensitive genes, such as vascular endothelial growth factor, glucose transporter-1 and lactate dehydrogenase, which in turn promote angiogenesis and rapid tumor growth, thus inducing chemotherapy resistance ([@b19-mmr-19-05-3376],[@b20-mmr-19-05-3376]). Therefore, the inhibition or knockdown of HIF-1α has been considered as an effective strategy to overcome the drug resistance in a number of diseases, including in OC ([@b21-mmr-19-05-3376],[@b22-mmr-19-05-3376]). CUL2 is a member of the cullin family of ubiquitin ligases, which associate with the von Hippel-Lindau tumor suppressor protein (VHL), the transcriptional elongation factors elongin B/C, RING-box protein RBX1 and E3 ubiquitin-protein ligase in order to recognize, ubiquitinate and ultimately induce the degradation of HIF-α ([@b23-mmr-19-05-3376],[@b24-mmr-19-05-3376]). Thus, CUL2 may be downregulated in drug resistance cells, and its upstream miRNAs may display proto-oncogenic activity. This hypothesis has indirectly been demonstrated by a number of studies; for instance, Ghosh *et al* ([@b25-mmr-19-05-3376]) identified that hypoxia induced the increased expression of miR-424, which then targeted CUL2 to stabilize HIF-α isoforms and promoted angiogenesis. miR-424 was also reported to be upregulated in OC stem cells, chemoresistant OC cells and tumor tissue samples ([@b26-mmr-19-05-3376],[@b27-mmr-19-05-3376]). In line with these studies, the current study also identified three proto-oncogenic miRNAs, including miR-574-3p, miR-30a-5p and miR-922, in drug-resistant OC cells and exosomes. Although these three miRNAs were not previously demonstrated to be involved in OC, their roles in other types of cancer indirectly explain these results. For instance, the relative expression of miR-574-3p was reported to be significantly higher in patients with hepatocellular carcinoma as compared with that in the cirrhosis patients and healthy controls ([@b28-mmr-19-05-3376]). miR-30a-5p levels were also significantly increased in the serum and fine needle aspiration biopsy samples of malignant papillary thyroid carcinoma groups when compared with those in benign and atypical cells of undetermined significance (ACUS) ([@b29-mmr-19-05-3376]).

MECP2 is a member of the methyl CpG binding proteins, which is capable of repressing transcription of a serials of genes, including brain derived neurotrophic factor (BDNF) ([@b30-mmr-19-05-3376],[@b31-mmr-19-05-3376]) and MDR1 ([@b32-mmr-19-05-3376]), by specifically binding to methylated CpG dinucleotides and a transcriptional repression domain by interacting with histone deacetylase. Evidence demonstrated that BDNF ([@b33-mmr-19-05-3376],[@b34-mmr-19-05-3376]) and MDR1 ([@b35-mmr-19-05-3376]) were significantly highly expressed in cancer and drug-resistant cells; thus, MECP2 may be downregulated in cancer. This was reported by the study of Zhu *et al* ([@b36-mmr-19-05-3376]), which demonstrated that MECP2 protein levels in gastric cancer MDR cell lines SGC7901/VCR and SGC7901/ADR were significantly reduced as compared with those in parental SGC7901 cells ([@b36-mmr-19-05-3376]). Therefore, the regulation of MECP2, such as by targeting its upstream miRNAs, may be a potential approach for the improvement of OC treatment. This hypothesis has been clarified in the study of Zhu *et al* ([@b36-mmr-19-05-3376]), in which miR-19a/b was found to be significantly increased in SGC7901 cells subjected to 5-Aza-dC treatment to induce MDR, while pretreatment with miR19a/b inhibitors increased the expression of MECP2 in SGC7901 cells and prevented the MDR triggered by 5-Aza-dC. In the present study, four miRNAs (namely miR-183-5p, miR-760, miR-30a-5p and miR-922) that regulated the expression of MECP2 in OC drug-resistant cells were identified. As expected, miR-183-5p and miR-760 have been proven to serve as proto-oncogenes in cancer. For instance, Gao *et al* ([@b37-mmr-19-05-3376]) revealed that the expression level of miR-183-5p was notably increased in bladder cancer tissues compared with adjacent non-cancerous tissues, and was markedly associated with papillary subtype and early pathological stage (I--II) according to the tumor-node-metastasis classification, with a diagnostic performance of 94.8% reported following the receiver operating characteristic analysis. Furthermore, Cheng *et al* ([@b38-mmr-19-05-3376]) demonstrated that overexpression of miR-183-5p significantly enhanced the cell proliferation and inhibited cell apoptosis in the breast cancer cell lines MCF-7 and MDA-MB-231. The findings of Liao *et al* ([@b39-mmr-19-05-3376]) also suggested that the expression of miR-760 was markedly upregulated in OC cell lines and tissues, and high miR-760 expression was associated with an aggressive phenotype and poor prognosis of OC patients. The proliferation of OC cells *in vitro* was reportedly promoted by the upregulation of miR-760 and inhibited by downregulation of miR-760 ([@b39-mmr-19-05-3376]).

TEAD3, also known as TEF-5, is a member of the transcriptional enhancer factor family of transcription factors that promotes the transcription of a number of cell proliferation-associated genes (such as cyclins and cyclin-dependent kinases) and leads to cell cycle progression, contributing to the development of cancer and drug resistance ([@b40-mmr-19-05-3376],[@b41-mmr-19-05-3376]). It is, thus, speculated that its upstream miRNAs may be tumor suppressor genes. As anticipated, miR-612 was found to be downregulated in HEYA8_MDR cells and exosomes in the present study, and was associated with poor prognosis. The current results appear to be in line with previous studies, in which overexpression of miR-612 was reported to suppress the growth and metastasis of hepatocellular carcinoma and colorectal cancer, and to relieve drug resistance to cisplatin and 5-fluorouracil ([@b42-mmr-19-05-3376],[@b43-mmr-19-05-3376]).

However, a number of limitations exist in the current study that should be acknowledged when interpreting the results. Firstly, only three resistant OC cell lines induced by two chemotherapy drugs were selected for screening crucial miRNAs. Therefore, the miRNAs identified herein may not represent miRNA candidates that are potentially correlated with all types of OC and resistance to all drugs. Secondly, only two repeats were included in each sample of the microarray data used ([@b13-mmr-19-05-3376]), which may influence the statistical results and lead to different results when using different cells. In addition, a normal control was not included in the TCGA data, which led to several unexpected, non-significant associations between our identified miRNAs in OC cells and the survival of patients. Thus, further clinical trials are required to further confirm the study conclusions. Furthermore, although the current analysis has preliminarily speculated the negative correlation between miRNAs and their target genes, *in vitro* and *in vivo* experiments are required. Finally, the exosomal mechanisms of the identified miRNAs remain uninvestigated in OC.

In conclusion, the preliminarily results reported in the present study revealed that miR-574-3p, miR-30a-5p, hsa-miR-183-5p, miR-760 and miR-162 may be crucial for the development of drug-resistance in OC in an exosomal and non-exosomal manner. These miRNAs may be involved in OC by targeted modulation of the cell proliferation-associated genes CUL2, MECP2 and TEAD3. Upregulation or downregulation of these genes may be a potential therapeutic strategy for improving the drug sensitivity in OC. However, further studies are necessary to confirm these conclusions.
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![Venn diagrams were used to analyze the common DE-miRNAs screened in three ovarian cancer cells and their exosomes. Chemoresistant and chemosensitive cells were compared, including: (A) A2780_CP20 vs. A2780_PAR, (B) HEYA8_MDR vs. HEYA8, and (C) SKOV3_TR vs. SKOV3_ip1, respectively. (D) Common DE-miRNAs among the three cell lines. DE-miRNAs, differentially expressed microRNAs.](MMR-19-05-3376-g00){#f1-mmr-19-05-3376}
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![Negative correlation between miR-183-5p and MECP2. miR, microRNA; MECP2, methyl-CpG binding protein 2. This relationship was tested by the Pearson\'s correlation analysis using the miRNA and RNA seq data of 287 ovarian cancer samples in LinkedOmics database.](MMR-19-05-3376-g04){#f5-mmr-19-05-3376}

![Kaplan-Meier curve displaying the correlation between miR-612 and DFS. miR, microRNA; DFS, disease-free survival.](MMR-19-05-3376-g05){#f6-mmr-19-05-3376}

###### 

Shared differentially expressed miRNA in exosomal and original cells between chemosensitive and chemoresistant cells.

  A, A2780_PAR vs. A2780_CP20                                               
  ----------------------------- -------------- -------------------- ------- -------------
  hsa-miR-212-3p                5.91           6.93×10^−4^          3.93    1.06×10^−5^
  hsa-miR-574-5p                5.78           3.28×10^−3^          1.22    2.21×10^−2^
  hsa-miR-320e                  5.25           1.91×10^−2^          1.13    2.04×10^−2^
  hsa-miR-200c-3p               5.13           6.89×10^−4^          3.8     3.58×10^−5^
  hsa-miR-132-3p                5.10           1.60×10^−2^          2.83    9.69×10^−5^
  hsa-miR-320d                  4.75           3.86×10^−2^          1.11    2.10×10^−2^
  hsa-miR-27b-3p                4.68           4.40×10^−2^          1.35    8.83×10^−3^
  hsa-miR-4429                  4.66           1.53×10^−2^          1.13    2.02×10^−2^
  hsa-miR-183-5p                4.57           1.28×10^−2^          1.17    1.59×10^−2^
  hsa-miR-185-5p                4.48           1.09×10^−2^          1.02    2.86×10^−2^
  hsa-miR-23b-3p                4.41           4.26×10^−2^          1.08    2.26×10^−2^
  hsa-miR-574-3p                4.39           9.11×10^−3^          1.32    1.26×10^−2^
  hsa-let-7b-5p                 3.63           3.83×10^−2^          2.07    1.81×10^−3^
  hsa-miR-1972                  3.47           5.52×10^−3^          1.98    1.06×10^−3^
  hsa-miR-146b-5p               3.29           4.13×10^−3^          2.43    7.15×10^−4^
  hsa-miR-203a                  2.84           6.30×10^−3^          3.88    1.89×10^−5^
  hsa-let-7g-5p                 2.75           7.18×10^−3^          2.17    2.20×10^−3^
  hsa-miR-760                   2.18           2.95×10^−2^          1.17    2.75×10^−2^
  hsa-miR-509-5p                1.98           3.05×10^−2^          1.29    9.85×10^−3^
  hsa-let-7d-5p                 1.93           4.83×10^−2^          1.81    1.63×10^−3^
  hsa-miR-3177-3p               1.88           3.28×10^−2^          1.87    5.20×10^−3^
  hsa-miR-873-3p                1.83           3.49×10^−2^          1.95    1.81×10^−3^
  hsa-miR-6872-5p               1.82           4.57×10^−2^          1.2     1.95×10^−2^
  hsa-miR-3926                  1.81           4.73×10^−2^          −1.24   3.04×10^−2^
  hsa-miR-4768-3p               1.69           4.55×10^−2^          1.16    2.31×10^−2^
  hsa-let-7i-5p                 1.68           4.51×10^−2^          2.14    1.10×10^−3^
  hsa-miR-99a-5p                −2.49          1.59×10^−2^          −2.75   2.18×10^−4^
  hsa-miR-19a-3p                −2.29          1.89×10^−2^          −1.37   7.18×10^−3^
                                                                            
  **B, HEYA8 vs. HEYA8_MDR**                                                
                                                                            
                                **Exosomes**   **Original cells**           
                                                                            
  miRNA                         logFC          P-value              logFC   P-value
                                                                            
  hsa-miR-30a-5p                2.26           2.06×10^−3^          1.18    2.80×10^−2^
  hsa-miR-6886-5p               2.03           7.62×10^−3^          1.12    2.60×10^−2^
  hsa-miR-7161-5p               1.99           7.04×10^−3^          1.35    2.31×10^−2^
  hsa-miR-30a-3p                1.74           1.63×10^−2^          1.06    3.50×10^−2^
  hsa-miR-3157-5p               1.63           2.57×10^−2^          1.21    1.50×10^−2^
  hsa-miR-4293                  1.59           3.99×10^−2^          1.98    1.19×10^−3^
  hsa-miR-598-3p                1.56           3.21×10^−2^          1.05    4.03×10^−2^
  hsa-miR-4513                  1.52           3.56×10^−2^          −1.51   1.06×10^−2^
  hsa-miR-183-5p                −3.29          4.23×10^−2^          −2.15   1.10×10^−3^
  hsa-miR-4436b-5p              −2.80          1.91×10^−4^          −1.17   1.76×10^−2^
  hsa-miR-612                   −1.85          1.07×10^−2^          −1.43   2.25×10^−2^
  hsa-miR-4533                  −1.83          1.18×10^−2^          −1.30   4.88×10^−2^
  hsa-miR-200b-3p               −1.79          1.33×10^−2^          1.75    2.41×10^−3^
  hsa-miR-642b-3p               −1.62          2.48×10^−2^          −1.02   3.36×10^−2^
  hsa-miR-617                   −1.62          2.56×10^−2^          1.41    6.71×10^−3^
  hsa-miR-503-5p                −1.61          2.60×10^−2^          −1.23   1.69×10^−2^
                                                                            
  C, SKOV3_ip1 vs. SKOV3_TR                                                 
                                                                            
                                Exosomes       Original cells               
                                                                            
  miRNA                         logFC          P-value              logFC   P-value
                                                                            
  hsa-miR-6716-3p               9.83           7.69×10^−09^         2.16    6.22×10^−3^
  hsa-miR-4730                  6.88           3.14×10^−6^          2.37    7.10×10^−4^
  hsa-mir-365a                  4.02           1.61×10^−3^          1.06    3.60×10^−2^
  hsa-miR-25-3p                 2.79           2.74×10^−3^          2.55    5.88×10^−5^
  hsa-miR-99a-5p                2.12           4.11×10^−3^          6.59    2.01×10^−9^
  hsa-mir-147a                  2.11           7.12×10^−3^          1.08    2.85×10^−2^
  hsa-miR-203a                  2.04           4.67×10^−3^          2.05    3.92×10^−4^
  hsa-miR-132-3p                1.85           4.45×10^−2^          1.38    6.84×10^−3^
  hsa-miR-128-3p                1.71           1.34×10^−2^          1.93    6.90×10^−4^
  hsa-miR-8070                  1.59           1.81×10^−2^          −1.37   7.70×10^−3^
  hsa-mir-6894                  1.58           2.56×10^−2^          −1.02   3.45×10^−2^
  hsa-miR-769-5p                1.55           2.05×10^−2^          1.45    5.41×10^−3^
  hsa-mir-5696                  1.42           3.43×10^−2^          1.22    2.08×10^−2^
  hsa-miR-423-3p                1.39           3.53×10^−2^          1.31    9.44×10^−3^
  hsa-miR-183-5p                1.39           3.38×10^−2^          2.07    3.57×10^−4^
  hsa-miR-922                   1.30           4.85×10^−2^          −1.28   3.62×10^−2^
  hsa-mir-489                   1.30           4.63×10^−2^          1.02    3.32×10^−2^
  hsa-miR-193b-3p               −6.46          8.77×10^−7^          −4.95   1.03×10^−7^
  hsa-miR-31-5p                 −3.86          1.26×10^−4^          −1.14   1.99×10^−2^
  hsa-miR-146a-5p               −3.22          2.19×10^−4^          −4.46   1.68×10^−6^
  hsa-miR-1909-3p               −3.09          6.03×10^−4^          −1.42   6.10×10^−3^
  hsa-miR-210-3p                −2.39          1.46×10^−2^          −2.32   1.51×10^−4^
  hsa-miR-4315                  −2.3           3.36×10^−3^          −1.1    2.32×10^−2^
  hsa-miR-7641                  −2.23          7.21×10^−3^          −1.19   2.14×10^−2^
  hsa-miR-193b-5p               −2.12          4.62×10^−3^          −2.91   7.49×10^−5^
  hsa-miR-3141                  −1.94          6.34×10^−3^          1.07    3.37×10^−2^
  hsa-miR-202-3p                −1.92          8.21×10^−3^          1.27    1.91×10^−2^
  hsa-miR-3189-3p               −1.63          1.70×10^−2^          −1.24   1.30×10^−2^
  hsa-miR-3937                  −1.59          2.13×10^−2^          1.63    2.25×10^−3^
  hsa-miR-1273h-5p              −1.53          2.31×10^−2^          −1.05   2.95×10^−2^
  hsa-miR-345-5p                −1.48          2.58×10^−2^          −1.05   3.01×10^−2^
  hsa-miR-5196-5p               −1.45          2.78×10^−2^          1.42    2.10×10^−2^
  hsa-miR-193a-5p               −1.40          4.60×10^−2^          −1.48   4.96×10^−3^
  hsa-miR-181a-2-3p             −1.36          4.24×10^−2^          −2.29   1.54×10^−4^
  hsa-miR-100-5p                −4.29          9.87×10^−5^          −3.81   9.66×10^−7^

FC, fold change; TR, Taxol-resistant; CP, cisplatin resistant; MDR, multiple drug-resistant.

###### 

Kyoto Encyclopedia of Genes and Genomes pathways enriched for the target genes of differentially expressed microRNAs.

  Cells        Term                                                                   P-value       Genes
  ------------ ---------------------------------------------------------------------- ------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  A2780_CP20   hsa04724: Glutamatergic synapse                                        2.10×10^−3^   DLGAP1, GRIN2A, GRM1, SHANK3, GRM5, GLS2, GRM3, GNAQ, GRIA2, ADCY9, DLG4, GNG3, SLC38A1, PLA2G4C, SLC1A1
               hsa04066: HIF-1 signaling pathway                                      4.39×10^−3^   IL6, LTBR, PFKFB3, EDN1, EGLN2, NFKB1, CUL2, IGF1R, CDKN1A, EIF4E, PLCG2, CAMK2D, AKT3
               hsa05205: Proteoglycans in cancer                                      7.26×10^−3^   ERBB4, TFAP4, IGF2, HGF, DDX5, PLAUR, IGF1R, CDKN1A, ANK1, HPSE2, ITGA5, RRAS2, PLCG2, CAMK2D, FAS, FGF2, FRS2, AKT3, PLAU, SLC9A1
               hsa04261: Adrenergic signaling in cardiomyocytes                       8.17×10^−3^   ATP1B1, CREB3, PPP2R5B, PPP2R5D, CREM, CACNG3, ATP1A1, CACNA2D2, ATF2, GNAQ, ADCY9, CAMK2D, ADRA1A, PPP2R2B, AKT3, SLC9A1
               hsa04014: Ras signaling pathway                                        2.42×10^−2^   FGF18, GRIN2A, NFKB1, ARF6, HGF, KIT, RASAL2, IGF1R, LAT, PAK3, RASSF1, RRAS2, PLCG2, RAPGEF5, GNG3, EFNA4, FGF1, PLA2G4C, FGF2, AKT3
               hsa04022: cGMP-PKG signaling pathway                                   2.43×10^−2^   SLC8A3, KCNMA1, ATP1B1, CREB3, ATP1A1, VDAC2, VDAC3, SRF, ATF2, MEF2D, GNAQ, ADCY9, ATP2A2, ADRA1A, NFATC3, AKT3
               hsa04064: NF-κB signaling pathway                                      3.48×10^−2^   LAT, IRAK1, LTBR, CD40LG, CCL21, PLCG2, NFKB1, TRAF6, LTB, PLAU
               hsa04010: MAPK signaling pathway                                       4.02×10^−2^   FGF18, TAOK1, NR4A1, CACNG3, NFKB1, SRF, CACNA2D2, ATF2, RPS6KA6, DUSP4, RRAS2, DUSP16, FAS, FGF1, PLA2G4C, TRAF6, FGF2, NFATC3, AKT3, MAP3K11, DUSP6
               hsa04020: Calcium signaling pathway                                    4.33×10^−2^   SLC8A3, NOS1, ERBB4, PHKB, GRIN2A, VDAC2, GRM1, VDAC3, GRM5, CHRM5, GNAQ, ADCY9, ATP2A2, PLCG2, CAMK2D, ADRA1A
               hsa05200: Pathways in cancer                                           4.98×10^−2^   FGF18, E2F3, PML, EGLN2, NFKB1, KIT, CUL2, IGF1R, RARA, FAS, HHIP, GNG3, FGF1, TRAF6, FGF2, TRAF4, AKT3, IL6, HGF, CTNNA1, LAMA2, CCDC6, CDKN1A, GNAQ, ADCY9, LAMC3, RASSF1, PLCG2, CKS2
  HEYA8_MDR    hsa04722: Neurotrophin signaling pathway                               5.30×10^−5^   IRAK1, TP53, FOXO3, BAD, IRS1, NTRK3, RPS6KA6, MAP3K5, CRKL, KRAS, MAP3K3, PLCG1, JUN, CAMK2D, CALM3, RAP1B, PIK3R2
               hsa05200: Pathways in cancer                                           3.12×10^−3^   PDGFB, GNAI2, PML, EGLN2, CDH1, CXCL12, SUFU, CCNE2, EDNRA, CUL2, MAX, CASP3, KRAS, PLEKHG5, RARB, CSF2RA, PIK3R2, WNT10B, CYCS, TP53, CDK6, BAD, RASSF5, CBLB, CRKL, PLCG1, GNB2, JUN, WNT9B, PTCH1
               hsa04010: MAPK signaling pathway                                       7.04×10^−3^   PDGFB, TAOK1, MRAS, NF1, TP53, CACNB2, RPS6KA6, MAX, MAP3K5, CASP3, CRKL, KRAS, MAP3K3, JUN, PPP3CB, MAPK8IP3, RAP1B, PPP3CA, RASA1, IL1A, MAP3K12
               hsa05211: Renal cell carcinoma                                         2.15×10^−2^   CUL2, KRAS, CRKL, PDGFB, JUN, EGLN2, RAP1B, PIK3R2
               hsa04720: Long-term potentiation                                       2.32×10^−2^   RPS6KA6, KRAS, PPP3CB, CAMK2D, CALM3, RAP1B, PPP3CA, GRM1
               hsa04261: Adrenergic signaling in cardiomyocytes                       2.40×10^−2^   ATP2B1, ACTC1, ADRB2, ADRB1, GNAI2, PPP2R5B, CREM, PPP2CB, CAMK2D, ADRA1A, CALM3, CACNB2, PIK3R2
               hsa04390: Hippo signaling pathway                                      3.02×10^−2^   YWHAZ, WNT10B, NF2, BTRC, CDH1, TEAD3, SMAD1, CRB2, SERPINE1, PPP2CB, WNT9B, BMP7, BMPR1A
               hsa04120: Ubiquitin mediated proteolysis                               3.47×10^−2^   CUL2, UBE2O, CBLB, UBE2D2, NEDD4, BTRC, SOCS1, PML, UBE2J1, UBE2I, ITCH, UBE2C
  SKOV3_TR     hsa04722: Neurotrophin signaling pathway                               1.01×10^−3^   NTRK3, CDC42, RPS6KA3, CRKL, RELA, PLCG2, RIPK2, PIK3CA, SORT1, MAPK7, MAPKAPK2, PIK3R3, ARHGDIA, TP73
               hsa04066: HIF-1 signaling pathway                                      1.83×10^−3^   IGF1R, CUL2, CDKN1A, RELA, PLCG2, PIK3CA, EGLN1, PIK3R3, IFNGR2, EIF4E2, NPPA, EPO
               hsa00534: Glycosaminoglycan biosynthesis-heparan sulfate/heparin       2.30×10^−3^   EXTL3, B3GAT3, NDST1, HS6ST3, HS6ST2, HS2ST1
               hsa05215: Prostate cancer                                              2.66×10^−3^   FGFR2, CCNE1, IGF1R, CDKN1A, RELA, ARAF, PIK3CA, CREB3L3, PIK3R3, TCF7L2, CHUK
               hsa04151: PI3K-Akt signaling pathway                                   2.95×10^−3^   FGFR2, PGF, FGF14, COL2A1, CDC37, CCNE1, IGF1R, TNR, PIK3CA, CREB3L3, PIK3R3, PPP2R2B, COL11A2, PRL, CHUK, THBS3, FN1, EPO, RELA, CDK6, BCL2L11, CDKN1A, GNB2, LAMC1, COL1A1, EIF4E2
               hsa05203: Viral carcinogenesis                                         8.24×10^−3^   USP7, HPN, RELA, ACTN1, CDK6, SNW1, MAPKAPK2, HIST2H4A, CDC42, CCNE1, CDKN1A, HIST1H4A, CASP8, PIK3CA, CREB3L3, PIK3R3, CHD4
               hsa04510: Focal adhesion                                               8.63×10^−3^   PGF, PPP1R12C, ACTN1, COL2A1, VASP, CDC42, IGF1R, CRKL, TNR, ILK, PIK3CA, COL1A1, LAMC1, PIK3R3, COL11A2, THBS3, FN1
               hsa05200: Pathways in cancer                                           1.48×10^−2^   FGFR2, FGF14, PGF, EGLN1, TCF7L2, SUFU, TPM3, CCNE1, CUL2, IGF1R, CDC42, CASP8, PIK3CA, RARB, PIK3R3, CHUK, FN1, RELA, CDK6, FZD4, CDKN1A, CRKL, GNB2, PLCG2, ARAF, LAMC1
               hsa05120: Epithelial cell signaling in Helicobacter pylori infection   1.75×10^−2^   ATP6V1C1, CDC42, PTPRZ1, RELA, PLCG2, CSK, CHUK, ATP6V1F

TR, Taxol-resistant; CP, cisplatin-resistant; MDR, multiple drug-resistant.

###### 

GO biological process terms enriched for the target genes of differentially expressed miRNAs.

  Cells        Term                                                                               P-value       Genes
  ------------ ---------------------------------------------------------------------------------- ------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  A2780_CP20   GO:0045944\~positive regulation of transcription from RNA polymerase II promoter   1.24×10^−7^   CCNT2, RNASEL, RAI1, THRA, PPP2R5B, EDN1, CASK, NFKB1, CITED4, CBFB, SOHLH2, CXCL10, EPCAM, TMEM173, OSR1, HSF2, RARA, FGF1, FGF2, ARHGEF2, MTA2, STRN3, SOX12, MED12, DMRT2, FOSB, PTPRN, HMGA2, LILRB1, INHBA, ZMIZ1, CD81, TFAP2B, SPDEF, SMARCA4, PEG3, CRTC2, TFAP4, ONECUT1, CREM, ONECUT2, SOX2, PML, C14ORF166, NFIX, SRF, CALCOCO1, ATF2, STAT6, PLAGL1, NPAS2, TCF20, CHD7, HOXA5, BCL11B, BCL11A, GBX2, NFAT5, KDM3A, TRAF6, NFATC3, ESRRA, IL6, NOS1, CREB3, KLF12, RFX4, TBX5, ARID3A, NR4A2, SMYD3, NR4A1, ARID3B, TEAD2, TEAD3, HGF, DDX5, CELA1, USF1, FOXP1, BRCA1, HOXB4, MEF2D, CDH13, DLX2, NR1I3, HIF3A, IRF2, NFIB, SLC9A1
               GO:0060291\~long-term synaptic potentiation                                        1.61×10^−5^   SLC8A3, GFAP, STX4, PLK2, SLC24A2, MECP2, NLGN1, GRIN2A, SNAP47, SHANK3, RGS14
               GO:0000187\~activation of MAPK activity                                            3.87×10^−4^   IRAK1, IQGAP3, HGF, KIT, GRM1, NTRK3, PEA15, PAK3, CD81, GNG3, FGF1, TRAF6, FRS2, FGF2, MAP3K11, DUSP6
               GO:0007165\~signal transduction                                                    4.17×10^−4^   COPS2, FGF18, PPP2R5B, PPP2R5D, IQGAP3, NFKB1, CD53, CXCL10, TNFRSF11B, ANK1, UNC5A, DLG4, PITPNC1, RARA, FAS, FGF1, MX1, FGF2, LTB, AKT3, PILRA, IRAK1, MAGI2, LTBR, LIMK1, RASIP1, TLE1, CLIC1, HMGA2, CDS1, IL21, DEPDC4, PLAUR, LILRB1, GAPVD1, IGSF1, GRN, NRGN, LALBA, ERBB4, CREM, CCL8, NOSTRIN, GAST, KIT, CALCOCO1, RASAL2, STAT6, IGF1R, DGKG, BCL11B, BCL11A, PSTPIP1, NFAT5, CC2D1A, HLA-DOA, DKKL1, IL1RAPL1, INPP5B, TRAF4, DTNA, EBP, ABR, NR4A2, DPYSL5, NR4A1, CD300C, ECM1, CCL11, LAT, RPS6KA6, NR1I3, ADCY9, GRIA2, CXCL14, PNOC, BRE, ADRA1A, HIVEP2, CD79B, RIT1, ANTXR1, GRB7, ABCC8, PLAU, ARHGAP10, BCAR3
               GO:0006357\~regulation of transcription from RNA polymerase II promoter            1.40×10^−3^   ENY2, TSHZ3, HTATIP2, THRA, NFKB1, CITED4, CBFB, ATF2, HOXC6, STAT6, PLAGL1, HSF2, WDR77, CAMK2D, FOXD2, NFATC3, CHD3, KLF7, BRD2, ZMYM2, KLF12, SOX12, MED11, FOSB, TEAD3, DDX5, UBN1, USF1, ECM1, BRCA1, FOXP1, RBBP8, INHBA, SMARCE1, TIAL1, HIF3A, CKS2, KDM4C, SMARCA4
               GO:0032958\~inositol phosphate biosynthetic process                                2.44×10^−3^   PPIP5K1, IPPK, FGF2, IP6K3
               GO:1903507\~negative regulation of nucleic acid-templated transcription            2.56×10^−3^   HOXC6, COPS2, SSX4B, PRMT5, SSX6, SSX4, SIAH2, SSX3, SSX1
               GO:0000122\~negative regulation of transcription from RNA polymerase II promoter   3.72×10^−3^   COPS2, EDN1, NFKB1, OSR1, RARA, ATF7IP, GSC, RREB1, STRN3, MTA2, MECP2, ZHX3, TLE1, FOSB, HMGA2, PKIA, RBBP8, KDM2B, TIMELESS, SPDEF, TFAP2B, TGIF1, PEG3, SMARCA4, TSHZ3, SOX2, TRIB3, NFIX, TAGLN3, ATF2, STAT6, ANKRD33, BCL11A, CC2D1A, BCOR, TRAF6, TCF25, ESRRA, KLF12, PTPN2, NR4A2, WHSC1, SMYD2, CELA1, DDX5, EHMT2, FOXP1, DLX2, HOXB4, SAP130, ATF7, IRF2, HDAC8, NCOR2, NFIB
               GO:0043547\~positive regulation of GTPase activity                                 7.06×10^−3^   FGF18, ARFGAP3, RALGPS1, ERBB4, CCL8, PLEKHG4B, RASGEF1C, KIT, MCF2L, RASAL2, PLEKHG3, AGAP6, GARNL3, DLG4, CAMK2D, RAPGEF5, FGF1, FRS2, INPP5B, FGF2, FBXO8, ARHGDIA, AGAP4, GIT1, ARHGEF2, IL5, ABR, IL2RA, LAMTOR1, ARHGEF5, SPTBN4, GRIN2A, DOCK3, RGS14, CCL11, NCAM1, LAT, GAPVD1, GNAQ, GFRA1, SH3BGRL3, RGS9, ARHGAP10, BCAR3
               GO:0006351\~transcription, DNA-templated                                           8.28×10^−3^   MORF4L1, THRA, MAF1, CITED4, HOXC6, SFSWAP, MIER3, TCEANC2, RARA, ZNF646, MECP2, MED11, ZHX3, PTPRN, SPOCD1, PA2G4, KDM2B, KDM2A, SCYL1, TIMELESS, ASCC3, PRDM6, SPDEF, TGIF1, DNTTIP1, EIF2AK2, SMARCA4, TSHZ3, CRTC2, ERBB4, C14ORF166, ZNF618, OTP, PLAGL1, TCF20, SSX6, SSX4, BCOR, TCF25, SSX3, THAP11, MN1, SSX1, ZNF423, ZBTB48, YEATS4, KAT8, KLF7, ZMYM2, ESRRA, KLF8, KLF12, NR4A2, NR4A1, TEAD2, WHSC1, TEAD3, SMYD2, UIMC1, FOXP1, BRCA1, HOXB4, NR1I3, SAP130, PHF1, ATF7, HDAC8, NCOR2, ZNF410, CCNT2, E2F3, YLPM1, ZBTB37, ZNF678, BZW1, SSX4B, OSR1, DEDD2, ZBTB22, ATF7IP, DMRT2, TLE1, ZNF335, HOXC10, HIPK1, NAB2, ZMIZ1, CARM1, PEG3, SCML4, ZNF808, ZBTB10, CREM, PML, TRIB3, NFIX, CALCOCO1, ZNF32, STAT6, HIC2, NPAS2, CHD7, BCL11A, POU2F1, KDM3A, HBP1, CC2D1A, GTF3C2, FOXD2, BAZ2B, CHD5, CHD3, BRD2, CREB3, HMBOX1, AFF3, ATXN1, MEF2D, JMJD6, IFT57, HIF3A, KDM4C, ZBTB2, MESP2, NFIB
               GO:0018108\~peptidyl-tyrosine phosphorylation                                      1.28×10^−2^   FGF18, ZMYM2, IL5, ERBB4, EFEMP1, ABI2, KIT, EPHB3, CDC37, NTRK3, EPHA5, SCYL1, CLK3, EIF2AK2, FGF1, FGF2
               GO:0000082\~G1/S transition of mitotic cell cycle                                  1.61×10^−2^   INHBA, CUL2, CDKN1A, CUL5, EIF4E, PLK2, CDKN2D, IQGAP3, CAMK2D, ORC5, MARK4, RBBP8
               GO:0008285\~negative regulation of cell proliferation                              2.34×10^−2^   TFAP4, ERBB4, PML, COPS8, SRF, CUL2, CUL5, BCL11B, CDKN2D, RARA, FGF2, CHD5, NOX4, IL6, MAGI2, NF2, PTPN2, TBX5, SMYD2, TMEM115, NOTCH2, INHBA, CDH13, PPM1D, CDKN1A, NME1, BTG1, TFAP2B, MYO16, ADRA1A, EIF2AK2
               GO:0001666\~response to hypoxia                                                    3.30×10^−2^   MUC1, KCNMA1, NOX4, ATP1B1, NOS1, PML, MECP2, NR4A2, EGLN2, AGER, USF1, SRF, PKM, CAMK2D, CD24, PLAU
  HEYA8_MDR    GO:0045944\~positive regulation of transcription from RNA polymerase II promoter   2.38×10^−8^   CCNT2, HLF, ZNF292, THRA, ARID4A, PPP2R5B, ARID4B, ZEB2, FOXO3, JAG1, PAX2, CBFA2T2, CBFB, PROP1, SERPINE1, H2AFZ, RARB, PITX1, IL1A, BRD8, CYR61, DAB2IP, HYAL2, RARG, SOX11, SOX12, TP53, IL25, PTPRN, ELL3, GRHL1, GRHL2, PPARGC1B, AHR, MYCN, SENP2, ADRB2, ZMIZ2, JUN, ZNF746, ACVR1, CAMTA1, CREM, TFE3, PML, SOX4, NFIX, MYBL2, CHD8, CHD7, POU2F2, PPP3CB, HOXA10, NFAT5, PPP1R12A, PPP3CA, NKX2-2, BCL9, PIK3R2, ESRRA, FOXL2, IKZF2, KLF13, MAML1, TEAD3, SMAD1, SIRT1, CDH13, ATF3, EBF3, TRPS1, NEUROD1, NHLH2, ZNF462, IRF4, BMP7, NR5A2, SETD3, APBB1, NFIB, BMPR1A
               GO:0045892\~negative regulation of transcription, DNA-templated                    5.68×10^−6^   ELF2, THRA, ARID4A, PDGFB, TSG101, CREM, BTRC, PML, PAX2, CBFA2T2, HIC2, CHD8, TSC22D4, PRAMEF2, EED, PER2, PEX14, BCL6, LOXL3, NR2F2, DEDD2, PITX1, BAHD1, FOXL2, DAB2IP, KLF10, TP53, MECP2, UBE2I, BASP1, SPEN, SIRT1, ADIPOQ, PPARGC1B, AHR, FOXN3, GZF1, ATXN1, PRICKLE1, JUN, USP47, ZNF746, HDAC9, BMP7, RASD1
               GO:0043065\~positive regulation of apoptotic process                               1.70×10^−5^   SNCA, SPINK2, SOX4, PAWR, FOXO3, MAP3K5, MTCH1, PLEKHG5, RHOB, BCL6, RARB, UNC5C, WNT10B, DAB2IP, FOXL2, RARG, ABR, NF1, TP53, BAD, ARHGEF9, SIRT1, BCL2L11, NTRK3, IGF2R, BNIP3L, SMPD1, NEUROD1, DCUN1D3, BMP7, APBB1
               GO:0000122\~negative regulation of transcription from RNA polymerase II promoter   3.04×10^−3^   JDP2, BACH2, MTDH, CPEB3, SNCA, NFIX, ZEB2, PAWR, FOXO3, SUFU, CHD8, TSC22D3, TCERG1, PROP1, EED, PER2, BCL6, RARB, NR2F2, EPO, DNMT3A, SATB1, FOXL2, DAB2IP, ESRRA, WNT10B, RARG, RFX5, SOX11, KLF10, TP53, MECP2, UBE2I, HES6, SPEN, SNAI1, SIRT1, GZF1, ATF3, TRPS1, DLL4, MNT, TGIF2, PTCH1, ZNF746, HDAC9, HDAC8, NFIB
               GO:0001666\~response to hypoxia                                                    3.18×10^−3^   MUC1, AHCY, BECN1, NF1, PML, MECP2, EGLN2, BAD, CXCL12, ADIPOQ, DDIT4, EDNRA, CASP3, CAMK2D, HSD11B2, THBS1, EPO
               GO:0000186\~activation of MAPKK activity                                           3.32×10^−3^   MAP3K5, CRKL, GNAI2, PLCG1, MAP3K3, GRM1, MAP3K12, ADAM9
               GO:0045893\~positive regulation of transcription, DNA-templated                    5.49×10^−3^   SUPT3H, ELF2, PDGFB, BTRC, TFE3, SOX4, AFAP1L2, CDH1, FOXO3, PAX2, CAMKK2, CHD8, PPP3CB, NR2F2, EPO, IRAK1, FOXL2, SOX11, TP53, MECP2, SNAI1, FOXN3, AHR, MYCN, JUN, USP21, NEUROD1, PTCH1, COL1A1, IRF4, NR5A2, NEK4, BMP7, APBB1, SETD3, ACVR1
  SKOV3_TR     GO:0008284\~positive regulation of cell proliferation                              5.42×10^−3^   FGFR2, AVPR2, PGF, CNTFR, PRDX3, CUL3, IGF1R, TNFRSF11A, CNOT6L, ILK, RARB, NRG1, FGFBP1, EPO, FN1, STAMBP, SHMT2, CAPNS1, RELA, SOX11, MECP2, DLL1, NTRK3, CRKL, S100B, EREG, BNC1, DHPS, GRK5, CARM1
               GO:0007050\~cell cycle arrest                                                      6.77×10^−3^   ING4, CDK6, TCF7L2, TP73, DDIT3, CDKN1C, CUL3, PPP1R9B, PPM1G, CUL2, CDKN1A, ILK, APBB1
               GO:0097193\~intrinsic apoptotic signaling pathway                                  2.47×10^−2^   CUL3, CUL2, CDKN1A, BBC3, CLU
               GO:0043065\~positive regulation of apoptotic process                               3.41×10^−2^   ING4, ING3, APH1A, TFAP4, CLU, SNCA, ARHGEF9, ITSN1, BCL2L11, TP73, NTRK3, S100B, HOXA5, RIPK2, FAM162A, RARB, APBB1, FGD4, EIF2B5

TR, Taxol-resistant; CP, cisplatin-resistant; MDR, multiple drug-resistant; GO, Gene Ontology.
